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Chapter 1  
Introduction 
 
1.1 Closed system with artificial lighting  
 
A Closed system with artificial lighting (CSAL) is an air-tight facility for 
producing plant at controlled environmental conditions (Kozai et al., 2002). It has 
been used to grow lettuce plants (Wheeler et al., 1994a), soybean and potato plants 
(Corey and Wheeler, 1992; Wheeler et al., 1994b), and wheat plants (Corey and 
Wheeler, 1992), and for producing transplants (Kozai et al., 2006). Since its covering 
materials are opaque, lamps (e.g., fluorescent lamps) are used for growing plants. In 
the CSAL, the air exchange is minimized to prevent pathogen and pest invasion. 
Hence, heat energy generated by the lamps and other equipment needs to be removed 
using heat pumps. Simultaneously, because the low air exchange rate can minimize 
the CO2 loss, the CO2 concentration in the CSAL is usually elevated over two times 
greater than the atmospheric level (e.g., 1000 mol mol-1) by supplying CO2 to 
enhance the CO2 assimilation rate of the plants (Kozai et al., 2002).  
Compared with the greenhouse or filed, CSAL has several advantages for plant 
production (Kozai et al., 2002). Firstly, the environmental factors inside the CSAL, 
such as light intensity, air temperature, CO2 concentration etc. can be controlled as 
required (Ohyama et al., 2000). Thus, it is possible to improve to improve the plant 
production by optimizing the environmental conditions in the CSAL. Secondly, the 
low air exchange of the CSAL can prevent pathogen and pest invasion. Thus, the 
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produced plants from the CSAL are pest-free and do not requires cleaning process.  
 
1.2 Enhancing plant CO2 assimilation rate in the CSAL with high use efficiencies 
of resources and energy 
 
The operation of the CSAL requires the continuously supply of the resources and 
energy such as water, CO2, electricity etc. The use efficiencies were defined as the 
ratio of the dry mass produced by plants and the supplied energy and resources 
required. In terms of the cost, Kozai et al (2002) pointed out that the environmental 
conditions in the CSAL should be optimized not only for improving the plant 
production, but also the use efficiencies of the resources and energy. The dry mass is 
mainly comes from the CO2 assimilated of the plants. This process is sensitive to the 
environment conditions. Thus, it is possible to maximize this process by optimizing 
the environmental conditions in the CSAL. Thus, the primary aim of controlling the 
environment conditions in the CSAL can be set as enhancing the CO2 assimilation 
rate of the plants with high use efficiencies of the resources and energy. 
 
1.3 Use efficiencies of CO2, water and electricity 
 
The use efficiencies of the CO2, water and electricity of experimental CSAL had 
been studied in several reports. Since the air exchange of the CSAL is limited, the 
CO2 loss by leakage is very small and generates high CO2 use efficiency (CUE) 
(Yoshinaga et al., 2000; Yokoi et al., 2005). Similarly, little water vapor from the 
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transpiration of the plants is lost by leakage; most is condensed at the cooling panel of 
the heat pump and then recycled. Thus, the water use efficiency of the plants in the 
CSAL is also high. Light energy is the costly resource for the plant production in the 
CSAL. Usually, 98% of the light from the standard fluorescent lamps is 
photosynthesis active radiation (PAR) and can be used by the plants. In practical, 
about 0.01 of the use efficiency of the light intercepted by the plants in the CSAL can 
be achieved (Yokoi et al., 2003). This value is close to the maximal use efficiency of 
PAR of most C3 plants (Long et al., 2006). 
 
1.4 Estimation of the CO2 assimilation rate  
 
The estimation of the CO2 assimilation rate offers the detailed information not 
only on understanding the responses of the plants to the environment but also on the 
impacts of the system failure on plant growth (Wheeler et al., 2008b; Teitel et al., 
2011). Then, it is possible to improve the environmental conditions in the CSAL to 
improve the plant growth. The methods for estimating the CO2 assimilation rate of the 
plants were presented by Mitchell (1992). In the closed system, the CO2 assimilation 
rate can be estimated as either the CO2 supplying rate or the drawdown rate of CO2 
concentration drawdown when there is no CO2 supply (Wheeler, 1992). This method 
had been applied for estimation the CO2 assimilation rate of lettuce plants (Corley et 
al., 1996; He et al., 2012), potato plants (Wheeler et al., 2008b) and wheat plants 
(Monje et al., 2005) etc. However, it is difficult to make the CSAL totally air-tight in 
practice. When the number of air exchanges per hour cannot be neglected, the CO2 
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leakage rate should be considered for correcting the estimated CO2 assimilation rate 
(Bugbee, 1992; Nederhoff and Verger et al., 1994).  
The air exchange of CSAL was driven by the internal/external air pressure (Hand, 
1973; Budge, 1992). Any factors, such as temperature, affecting the air pressure 
gradients can affect the number of air exchanges per hour (N), as well (Wheeler et al., 
1992). Thus, N can be changed with time and bring errors to the estimated CO2 
assimilation rate (Acock and Acock, 1989; Baker et al., 2004). N should be measured 
continuously to monitoring the CO2 assimilation rate of plants in long term, if the 
variation of N cannot be neglected.  
 
1.5 Objectives  
 
The studies on the use efficiencies of the resources and energy and the CO2 
assimilation rate of the plants were mainly conducted on the experimental CSAL. 
However, there are little information on the use efficiencies of the resources and 
energy and the CO2 assimilation rate of the plants in a commercial CSAL. Besides, N 
of the closed system is usually estimated by using the tracer gases like CO2 (Körner et 
al., 2007; Pérez-Priego et al., 2011), N2O (Nederhoff & Vetger et al., 1994; Tingey et 
al., 2000) and SF6 (Baker et al., 2004) etc. However, the CO2 cannot be used as the 
tracer gas in the presence of plants, considering the CO2 assimilation of plants. The 
other two tracer gases are very expensive for the estimation of N in long time. The 
objectives of this study are: 
1. Estimating the CO2 use efficiency based on the analysis of the CO2 balance of 
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a commercial CSAL for producing the lettuce plants; 
2. Estimating the CO2 assimilation rates of the lettuce plants in a commercial 
CSAL; 
3. Estimating the CO2 assimilation rates of the lettuce plants using a real-time 
number of air exchanges per hour estimated using a new tracer gas.  
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Chapter 2  
CO2 Balance of a Commercial Closed System with Artificial Lighting 
for Producing Lettuce Plants 
 
2.1 Introduction 
 
The CO2 balance of a commercial closed system with artificial lighting (CSAL) is 
expected to be similar to that of the experimental CSAL, but the human factor (i.e., 
CO2 supplied by workers’ respiration) needs to be considered. When workers enter a 
commercial CSAL, their respiration adds CO2 to the air. This reduces the CO2 
required to be supplied from cylinders, thus decreasing the CO2 cost. However, there 
is little information on this aspect. In this study, the CO2 balance of a commercial 
CSAL, where lettuce plants are produced every day and workers in the facility respire 
CO2 into the air, was analyzed.  
 
2.2 Materials and Methods 
 
2.2.1 Commercial closed system with artificial lighting 
The dimensions of the commercial CSAL developed by Mirai Co., Ltd. (Japan) 
were 21 m long, 15 m wide and 4.5 m high. Nine basic modules with 10 shelves were 
installed inside the CSAL. Each shelf was equipped with 31 or 47 fluorescent lamps 
and a culture bed (11 m long, 1.3 m wide and 40 mm deep). In the culture beds, 
nutrient solution was circulated and Styrofoam boards were floated on the nutrient 
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solution to support the lettuce plants. In the present experiment, only 30 culture beds 
were used for producing the lettuce plants, although 90 culture beds were available in 
the commercial CSAL. Six CO2 cylinders were placed outside to supply CO2 into the 
commercial CSAL. The CO2 supply rate was adjusted by a controller to maintain the 
CO2 concentration inside at a predetermined level. Seven heat pumps (total cooling 
and heating capacity: 150 kW, Daikin Industries Ltd., Japan) were installed in the 
commercial CSAL for controlling the air temperature.  
 
2.2.2 Lettuce plants and growth conditions 
Lettuce plants [Lactuca sativa L. ‘Early Impulse’, ‘King Crown’, and ‘Cos 
Lettuce’] were produced in the commercial CSAL for 35 d at a planting density of 
133 plants m
-2
 for the first 25 d and 33 plants·m
-2
 for the next 10 d. Photosynthetic 
photon flux (PPF) on the Styrofoam boards was 100 μmol m-2 s-1 for the first 25 d 
and 130 μmol m-2 s-1 for the next 10 d of lettuce plants growth, with a photoperiod of 
17 h (Table 2-1). PPF was adjusted by moving the lettuce plants to different shelves. 
The air temperature and the CO2 concentration were set at 20 ºC and 1800 μmol·mol
-1
 
in the commercial CSAL, respectively. The electrical conductivity of the nutrient 
solution was maintained at 2.0 dS m
-1
. 
 
2.2.3 Production procedure 
Four workers entered the CSAL at 09:15 and 13:15 sequentially at intervals of 15 
min and left together at 12:00 and 18:00 every day. During the period from 09:15 to 
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09:45, the lettuce plants including 192 plants of ‘Early Impulse’, 192 plants of ‘King 
Crown’, and 768 plants of ‘Cos Lettuce’ were harvested at the end of 35 d after 
sowing. Then, the corresponding number of seeds in each cultivar was sown, so a 
series of lettuce plants of different ages between 0 and 34 d after sowing were grown 
at the same time in the commercial CSAL.  
 
2.2.4 CO2 balance of the commercial CSAL 
In the present experiment, the CO2 balance of the commercial CSAL was 
analyzed and used to calculate the CO2 utilization efficiency. The CO2 balance of the 
commercial CSAL was expressed by: 
0C WA S S I L                 (2-1) 
where A: the amount of CO2 assimilated by the lettuce plants in the CSAL (mol m
-2
 
d
-1
); SC: the amount of CO2 supplied by the cylinders (mol m
-2
 d
-1
); SW: the amount of 
CO2 supplied by workers’ respiration (mol m
-2
 d
-1
); I: the amount of CO2 increase in 
the air (mol m
-2
 d
-1
); L: the amount of CO2 loss due to leakage (mol m
-2
 d
-1
).  
In the present experiment, the CO2 utilization efficiency (CUE) was defined as 
the ratio of the amount of CO2 assimilated by plants to the amount of CO2 supplied 
into the commercial CSAL: 
100%
C W
A
CUE
S S
 

            (2-2) 
The amount of CO2 assimilated by the lettuce plants (A) was estimated from the 
dry mass of the lettuce plants: 
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W
A
m j B

                 (2-3) 
where W: the increase in dry mass of the lettuce plants in the commercial CSAL (g 
d
-1
); m: the molecular weight of CO2 (44 g mol
-1
); j: the coefficient for converting the 
CO2 assimilated by lettuce plants into dry mass (0.68 g g
-1
; Van Henten, 1994); B: the 
area of the culture beds used for growing the lettuce plants (434 m
2
). 
Assuming that 1) the growth rate of the lettuce plants was constant in the 
commercial CSAL and 2) the dry mass of seeds was small compared with that of the 
harvested lettuce plants 35 d after sowing, the increase in dry mass of the lettuce 
plants in the commercial CSAL was estimated by: 
35
1 35
1
( )d d
d
W w w w

  
            (2-4) 
where wd: the dry mass of the lettuce plants ‘d’ d after sowing (g). 
The amount of CO2 supplied by the cylinders (SC) was determined by:  
23
0
t
t
C
F
S
B


               (2-5) 
where Ft: the CO2 supply rate at time ‘t’ (mol·h
-1
).  
The amount of CO2 supplied by the workers’ respiration (SW) was estimated by:  
23
,
0 1
K
n t
t n
W
R P
S
B
 



             (2-6) 
where R: the respiration rate of the workers (0.95 mol h
-1
 person
-1
; Japan Air Cleaning 
Association, 2000); Pn,t: the cumulative working time of worker ‘n’ at time ‘t’ (h); K: 
the number of workers in the commercial CSAL.  
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The amount of CO2 increase in air (I) was determined by:  
23
, 1 ,
0
( )i t i t
t
k V C C
I
B


  


            (2-7) 
where k: the reciprocal of the molar volume of CO2 (41.4 mol m
-3
); V: the volume of 
the CSAL (1379 m
3
); Ci,t: the average CO2 concentration in the commercial CSAL at 
time ‘t’ (µmol mol-1). 
The amount of CO2 loss due to leakage (L) was estimated by:  
( )C WL A S S I                 (2-8) 
 
2.2.5 Measurements 
The air temperature and relative humidity were measured in the commercial 
CSAL using sensors (RTR 53-AL, T&D Corp., Japan). The CO2 concentration was 
measured by infrared gas analyzers (GMP 222, Vaisala Oyj, Helsinki, Finland) inside 
and outside the commercial CSAL. The CO2 supply rate from the cylinders was 
measured by a flow meter (FD-A600, Keyence Corp., Japan). The hourly averaged 
data were recorded and used for analyzing the CO2 balance of the commercial CSAL. 
The analysis of the CO2 balance was repeated three times. 
Three lettuce plants 35 d after sowing in each cultivar were sampled and dried at 
60°C for 7 d to determine the dry mass. Another three ‘Early Impulse’ lettuce plants 
were sampled 14, 24, 28, 32, 35 d after sowing and their second leaf (14 d after 
sowing, counting from bottom) or third leaf (24, 28, 32 and 35 d after sowing, 
counting from bottom) were used for measuring the CO2 assimilation rate using a 
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portable photosynthesis system (LI-6400, LI-COR, Inc., Lincoln, NE). At the inlet of 
the leaf chamber, the CO2 concentration was set at 200, 250, 300, 400, 600, 800, 1000, 
1500, or 2000 µmol mol
-1
. PPF and the leaf temperature were maintained at 200 µmol 
m
-2
 s
-1
 and 20 ºC. The measurements were repeated three times. 
 
2.3 Results and Discussion 
 
The CO2 concentration and the air temperature inside the commercial CSAL were 
1800 ± 56 µmol mol
-1
 and 20 ± 0.4 ºC, respectively. The relative humidity inside 
ranged from 68% to 80%. The amounts of CO2 assimilated by the lettuce plants and 
loss due to leakage respectively accounted for 78% (= 286 · 100% / (286 + 59)) and 
22% (= 59 · 100% / (286 + 59)) of the total amount of CO2 supplied (Table 2-2). The 
amounts of CO2 supplied by the cylinders and by the workers’ respiration respectively 
accounted for 83% (= 270 · 100% / (286 + 59)) and 17% (= 76 · 100% / (286 + 59)) 
of the total amount of CO2 supplied. The amount of CO2 increase in the air was less 
than one-hundredth of the other amounts. In the present experiment, 95% of CO2 
supplied by the cylinders was apparently assimilated by the lettuce plants in the 
commercial CSAL, suggesting that the CO2 supplied into the commercial CSAL was 
used efficiently. In the previous studies, all of the CO2 supplied was from the 
cylinders because there were no workers in the experimental CSAL. On the other 
hand, in the present experiment, there were two CO2 supply sources: the cylinders and 
the workers’ respiration. If no workers entered the commercial CSAL, the amount of 
CO2 supplied by the cylinders would be increased by 21% to obtain the same daily 
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amount of CO2 assimilated by the lettuce plants. This suggests that workers’ 
respiration can replace part of the CO2 supplied by the cylinders and thus decrease the 
CO2 cost. 
The CO2 utilization efficiency of the commercial CSAL was 78%, which was 
lower than that reported by Yoshinaga et al. (2000). This was mainly because the 
operation rate was 33% due to supply and demand for the lettuce plants. In other 
words, only 30 culture beds were used for growing lettuce plants in the commercial 
CSAL. If all the culture beds were occupied, the CO2 utilization efficiency would be 
92%, which is comparable to that reported by Yoshinaga et al. (2000). Increasing the 
CO2 utilization efficiency by increasing the operation rate will decrease the CO2 cost 
for producing lettuce plants in the commercial CSAL. In addition, the CO2 utilization 
efficiency is 100% and is not affected by the CO2 concentration if the CSAL is 
completely air-tight, although this is difficult to achieve in practice (Baker et al., 
2004). 
The CO2 assimilation rate of a single leaf of a lettuce plant increased with the 
increase in the ambient CO2 concentration (Fig. 2-1), indicating that the amount of 
CO2 assimilated by the lettuce plants also increased with the increase in the CO2 
concentration in the commercial CSAL. Simultaneously, the increasing CO2 
concentration in the commercial CSAL results in an increase in CO2 loss due to 
leakage, which may reduce the CO2 utilization efficiency of the commercial CSAL. If 
the CO2 concentration in the commercial CSAL decreased from 1800 to 1000 
µmol·mol
-1
, the amount of CO2 assimilated by the lettuce plants would decrease by 23% 
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according to measurements of the CO2 assimilation rate of single leaves of lettuce 
plants (Fig. 2-1). At the same time, the amounts of CO2 loss due to leakage and CO2 
supplied by the cylinders also decreased by 44% and 32%, although the amount of 
CO2 supplied by the workers’ respiration was constant. Therefore, the CO2 utilization 
efficiency of the commercial CSAL will be 6.5% higher than that obtained in the 
present experiment. However, for the commercial production of lettuce plants in 
CSAL, promoting the growth of the lettuce plants by increasing the CO2 
concentration is occasionally more important than increasing the CO2 utilization 
efficiency. 
 
In the present experiment, we assumed constant values for the worker’ respiration 
rate for analyzing the CO2 balance of the commercial CSAL. The workers’ respiration 
rate was determined based on interviews about their work, which mainly consisted of 
seeding, transplanting and harvesting the lettuce plants in the commercial CSAL. The 
respiration rate ranged between 0.67 mol·h
-1
·person
-1
 when seated quietly and 2.9 
mol·h
-1
·person
-1
 during heavy work (Japan Air Cleaning Association, 2000). In a 
future work, the workers’ respiration rate should be precisely determined for obtaining 
the CO2 balance of the commercial CSAL more accurately. 
 
2.4 Conclusion 
 
In conclusion, 95% of CO2 supplied by the cylinders was apparently assimilated 
by the lettuce plants in the commercial CSAL. This was because the amount of CO2 
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supplied by the workers’ respiration was almost equal to that of CO2 loss due to 
leakage (Table 2), and thus contributed to the relatively high CO2 utilization 
efficiency (78%). Our results showed the important contribution of the CO2 supplied 
by workers’ respiration to decreasing the amount of CO2 supplied by the cylinders and 
hence the CO2 cost in a commercial CSAL.   
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Table 2-1. Light environment in commercial closed systems with artificial lighting for 
producing lettuce plants. 
Days after planting 
PPF
z
 
(µmol m
-2
 s
-1
) 
Photoperiod 
(h d
-1
) 
Time of day 
0–24 100 17 16:00–09:00y 
25–29 130 17 
13:00–16:00y 
16:00–17:00y 
or 
19:00–20:00y 
20:00–09:00y 
30–34 130 17 20:00–13:00y 
z
PPF was measured on the surface of Styrofoam boards.  
y
Artificial lighting was applied to half of the lettuce plants in the first period and the 
other half of the lettuce plants in the second period to give the same cumulative 
photoperiod. 
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Table 2-2. CO2 balance and CO2 utilization efficiency of commercial closed systems 
with artificial lighting for producing lettuce plants. Mean ± SE. 
Item Value (mol m
-2
 d
-1
) 
CO2 supplied by the cylinders (SC) 286 ± 13 
 by the workers’ respiration (SW) 059 ± 0 
CO2 assimilated by the lettuce plants (A) 270 ± 0 
CO2 loss due to leakage (L) 076 ± 11 
CO2 increase in air (I) -1 ± 2 
CO2 utilization efficiency = A /(SC + SW) · 100% 78% 
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Fig. 2-1. CO2 assimilation rate (AL) of the second leaf of ‘Early Impulse’ lettuce plants 
14 d after sowing (A), the third leaf of the lettuce plants 24 (B), 28 (C), 32 (D) and 35 
d after sowing (E) as affected by the CO2 concentration. Mean ± SD.   
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Chapter 3  
Estimation of CO2 Assimilation Rate of Lettuce Plants in a 
Commercial Closed System with Artificial Lighting 
 
3.1 Introduction 
 
In a CSAL, the plant CO2 assimilation rate over time can be estimated based on 
the analysis of CO2 balance (Körner et al., 2007). In an airtight CSAL where CO2 is 
supplied to maintain a constant concentration, the plant CO2 assimilation rate can be 
estimated as the CO2 supply rate (Mitchell, 1992). If there were no CO2 supply in the 
airtight CSAL, the plant CO2 assimilation rate could be estimated as the decrease rate 
of CO2 content in the air (Wheeler, 1992). These methods are widely used for 
estimating the plant CO2 assimilation rate of lettuce (Corley et al., 1996; He et al., 
2012), potato (Wheeler et al., 2008a), and wheat (Monje et al., 2005) grown in the 
CSAL. For a CSAL that is not totally airtight, the CO2 loss rate should be considered 
to prevent the overestimation of the plant CO2 assimilation rate (Tingey et al., 2000). 
In the CSAL, continuous estimation of the plant CO2 assimilation rate helps to 
track, for example, changes in plant leaf area and plant response to environmental 
factors. Moreover, it provides an alarm for system failure (Wheeler et al., 2008b), so 
there is a need especially in a CSAL for commercial plant production on a large scale. 
In previous reports, which were mainly for research purposes, several factors 
were not considered. Firstly, CO2 from the respiration of workers in the CSAL should 
be taken into account; neglecting this factor would result in underestimating the plant 
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CO2 assimilation rate. Secondly, the CSAL is not totally airtight according to our 
previous studies. The number of air exchanges per hour (N) should be estimated for 
estimating the CO2 loss rate. Usually, a tracer gas such as N2O (Baker et al., 2004) or 
SF6 (Tingey et al., 2000) is used for estimating N. However, continuous estimation of 
N would consume large amounts of tracer gas, especially in a large-scale CSAL, 
which would be costly if using N2O or SF6. In this study, constant values for workers’ 
respiration rate and N were used to simplify the estimation of plant CO2 assimilation 
rate. The objective of this study was to determine if the plant CO2 assimilation rate in 
a CSAL for commercial production of lettuce can be estimated based on the CO2 
balance. 
 
3.2 Materials and methods 
 
3.2.1 Closed system with artificial lighting 
The growing room of the CSAL is 21 m long, 15 m wide, and 4.5 m high. Nine 
basic modules were placed in the growing room. Each module contained 10 shelves 
with 31 or 47 fluorescent lamps (32W) per shelf and a culture beds (11 m long, 1.3 m 
wide, and 0.04 m deep). In the culture beds, the nutrient solution was circulated 
continuously, and the Styrofoam boards were floated on the nutrient solution to hold 
plants. In the present experiment, only 30 culture beds were used for growing the 
plants, although 90 culture beds were available in the CSAL. Seven heat pumps (total 
cooling or heating capacity: 150 kW, Daikin Industries Ltd., Japan) were installed to 
control the interior temperature. Six CO2 gas cylinders were placed outside the CSAL 
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to supply CO2. 
 
3.2.2 Lettuce plants and growing conditions 
Three lettuce cultivars (Lactuca sativa L., cv. Early Impulse, King Crown, and 
Cos Lettuce) were used. Lettuce plants 0–24 d after sowing were grown under 
photosynthetic photon flux (PPF) of 100 μmol m-2 s-1 at a planting density of 133 
plants m
-2
. Lettuce plants 25–34 d after sowing were grown under PPF of 130 μmol 
m
-2
 s
-1
 at a planting density of 33 plants m
-2
. All the lettuce plants were given a 
photoperiod of 17 h d
-1
 but at different times (Table 1). The electrical conductivity of 
the supplied nutrient solution was 2.0 dS m
-1
. The set points of the air temperature and 
CO2 concentration in the CSAL were 20°C and 1,750 μmol mol
-1
, respectively. CO2 
from the cylinders was only supplied when the CO2 concentration in the CSAL (Ci) 
was below the set point. 
 
3.2.3 Production procedure 
In the CSAL, lettuce plants ranging in age from 0 to 34 d after sowing were 
grown at the same time. Lettuce plants 35 d after sowing including 192 ‘Early 
Impulse’, 192 ‘King Crown’, and 768 ‘Cos Lettuce’ plants were harvested. After 
harvesting, the corresponding numbers of seeds of each cultivar were sown. 
For the lettuce plant production, four workers entered the growing room each day 
at 09:15 and 13:15 sequentially at intervals of 15 min and left there together at 12:00 
and 18:00. During the period from 09:15 to 09:45, the lettuce plants were harvested 
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manually. After the harvest, other procedures such as seeding, transplanting, and 
cleaning were conducted from 09:45 to 12:00 and from 13:15 to 18:00. 
 
3.2.4 Estimating the hourly CO2 assimilation rate of lettuce plants 
The hourly CO2 assimilation rate of lettuce plants per unit area of culture beds 
with plants at hour ‘t’ (At, mol m
-2
 h
-1
) was estimated by: 
, ,t C t W t t tA S S I L                (3-1) 
where SC,t is the hourly CO2 supply rate from the cylinders per unit area of culture 
beds with plants at hour ‘t’ (mol m-2 h-1); SW,t is the hourly CO2 supply rate from the 
workers’ respiration per unit area of culture beds with plants at hour ‘t’ (mol m-2 h-1); 
It is the hourly CO2 increase rate in the air per unit area of culture beds with plants at 
hour ‘t’ (mol m-2 h-1); and Lt is the hourly CO2 loss rate per unit area of culture beds 
with plants at hour ‘t’ (mol m-2 h-1). 
The hourly CO2 supply rate from the cylinders per unit area of culture beds with 
plants at hour ‘t’ (SC,t) was determined by: 
,
t
C t
F
S
B

               (3-2) 
where Ft is the hourly CO2 flow rate at hour ‘t’ (mol h
-1
); and B is the area of the 
culture beds used for growing the lettuce plants (434 m
2
). 
The hourly CO2 supply rate from the workers’ respiration per unit area of culture 
beds with plants at hour ‘t’ (SW,t) was determined by: 
,
1
,
K
n t
n
W t
R P
S
B




              (3-3) 
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where R is the workers’ respiration rate (0.95 mol h-1 person-1; Japan Air Cleaning 
Association, 2000); Pn,t is the cumulative working time of worker ‘n’ at hour ‘t’ (h); 
and K is the number of workers in the CSAL. 
The hourly CO2 increase rate in the air per unit area of culture beds with plants at 
hour ‘t’ (It) was used to describe the change in CO2 content in the air and is given by: 
, , 1( )i t i t
t
k V C C
I
B
  

            (3-4) 
where k is the reciprocal of the molar volume of CO2 (41.4 mol m
-3
); V is the volume 
of the CSAL (1,379 m
3
); and Ci,t is the CO2 concentration in the CSAL at hour ‘t’ 
(µmol mol
-1
). 
The hourly CO2 loss rate per unit area of culture beds with plants at hour ‘t’ (Lt) 
was determined by: 
, ,( )i t o t
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N k V C C
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            (3-5) 
where N is the number of air exchanges per hour (h
-1
); and Co,t is the CO2 
concentration outside the CSAL at hour ‘t’ (µmol mol-1). 
The number of air exchanges per hour (N) was estimated based on the daily CO2 
balance of the CSAL and is given by: 
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where AD is the daily amount of CO2 assimilated by the lettuce plants in the CSAL 
(mol d
-1
). 
The daily amount of CO2 assimilated by the lettuce plants in the CSAL was 
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estimated according to the daily dry weight increment of lettuce plants and is given 
by: 
D
W
A
m j B

                (3-7) 
where W is the daily dry weight increment of lettuce plants in the CSAL (g d
-1
); m is 
the coefficient for converting CO2 moles into weight (44 g mol
-1
); and j is the 
coefficient for converting the CO2 assimilated by plants to dry weight (0.68 g g
-1
; Van 
Henten, 1994). 
Assuming that 1) the growth rate of the lettuce plants was constant in the CSAL 
and 2) the dry weight of seeds was negligibly small compared with that of the lettuce 
plants harvested at 35 d after sowing, W was estimated by: 
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            (3-8) 
where wd is the dry weight of the lettuce plants ‘d’ d after sowing (g). 
 
3.2.5 Inaccuracy of plant CO2 assimilation rate caused by inaccurate number of air 
exchanges per hour 
The accuracy of hourly CO2 assimilation rate of lettuce plants per unit area of 
culture beds with plants (A) can be impacted by the inaccuracy or variation in the 
number of air exchanges per hour (N). The percent errors in A (eA, %) and N (eN, %) 
are given by: 
'
100%
'
A
A A
e
A

 
             (3-9) 
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             (3-10) 
where A' is the real hourly CO2 assimilation rate of lettuce plants per unit area of 
culture beds with plants (mol m
-2
 h
-1
); and N' is the real number of air exchanges per 
hour (h
-1
). 
The real hourly CO2 assimilation rate of lettuce plants per unit area of culture 
beds with plants (A') is given by: 
' 'C RA S S I L                 (3-11) 
where L' is the real hourly CO2 loss rate per unit area of culture beds with plants (mol 
m
-2
 h
-1
). 
The real hourly CO2 loss rate per unit area of culture beds with plants (L') is given 
by: 
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             (3-12) 
Substituting Eqs. (3-1), (3-5), (3-10), (3-11) and (3-12) into Eq. (3-9), eA can be 
calculated as: 
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          (3-13) 
 
3.2.6 Experimental arrangement and measurements 
The number of air exchanges per hour (N) was estimated three times using the 
data collected on three days. The CO2 assimilation rates of the lettuce plants were 
estimated using the mean of estimated N and the data collected on another three days. 
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The CO2 assimilation rate of the lettuce plants during the period from 9:00 to 10:00 
was not estimated since the leaf area of lettuce plants under lighting changed during 
this period due to the harvest of lettuce plants. 
The CO2 concentration was measured by infrared gas analyzers (GMP222, 
Vaisala Oyj, Helsinki, Finland) inside and outside the CSAL. The CO2 supply rate 
from the cylinders was measured by a flow meter (FD-A600, Keyence Corp., Japan). 
The hourly averaged data was recorded and used for estimating the hourly CO2 
assimilation rate of lettuce plants in the CSAL. Three lettuce plants of each cultivar 
were sampled at 14, 24, 28, 32 and 35 d after sowing for measuring the leaf area. This 
data was used to develop the linear regression equations between the leaf area of 
lettuce plants (LA) and the days after sowing (DAS), which are: LA = 1.1×10
-9
×DAS
4 .6
 
(R
2
 = 0.9, ‘Early Impulse’); LA = 1.2×10-9×DAS4 .5 (R2 = 0.9, ‘King Crown’); and LA 
= 0.3×10
-9
×DAS
4 .8
 (R
2
 = 0.9, ‘Cos Lettuce’). LA of the lettuce plants differing in age 
was calculated according to these linear regression equations. The lettuce plants 
sampled at 35 d after sowing were dried at 60°C for seven days to determine the dry 
weight. 
 
3.3 Results and Discussion 
 
The air temperature in the CSAL was 20 ± 0.4°C and the air relative humidity 
inside ranged from 68% to 80%. The CO2 concentration in the CSAL (Ci) was 1,786 
± 56 μmol mol-1, but ranged from 1,900 to 1,743 μmol mol-1 (Fig. 1). The number of 
operating lamps varied with the time zone (Fig. 2) according to the variation in 
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photoperiod of the lettuce plants (Table 1). During the period from 20:00 to 10:00, all 
the lamps on the shelves with lettuce plants were operating. During other periods, not 
all the lamps on the shelves with lettuce plants were operating, since a part of the 
lettuce plants was under lighting. The leaf area of the lettuce plants under lighting 
(LAL) was consistent with the number of operating lamps and varied between 94 and 
550 m
2
 (Fig. 2). 
CO2 was supplied not only from the cylinders but also from the workers’ 
respiration. The CO2 supply rate from the cylinders (SC) during the period from 20:00 
to 09:00 was higher than that in other periods (Fig. 3), partly because there were no 
workers in the room during that time period and thus no CO2 was supplied from the 
workers’ respiration. Also, LAL during this period was highest, and so the CO2 
assimilation rate was larger than that in other periods. Thus, more CO2 should be 
supplied during this period compared with that supplied in others periods to maintain 
Ci. In other periods, SC varied with time due to the variation in plant CO2 assimilation 
and workers’ respiration. The CO2 supplied by the workers’ respiration occurred 
while they were working in the CSAL and was the only CO2 source during the period 
from 16:00 to 19:00 (Fig. 3). In this case, neglecting the CO2 supply rate from the 
workers’ respiration would cause underestimation of the plant CO2 assimilation rate. 
During the period from 10:00 to 20:00, the increase rate of CO2 in the air per unit 
area of culture beds with plants (I) ranged from −6.2 to 13.5 mol m-2 h-1 (Fig. 4), as Ci 
showed a large variation during this period. In other periods when Ci showed little 
variation, I was small and showed less variation (Fig. 4). The CO2 loss rate per unit 
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area of culture beds with plants (L) can be affected by Ci as well. However, L at 
maximum Ci was only 12% higher than that at minimum Ci, assuming that the CO2 
concentration outside the CSAL was 400 μmol mol-1. Also, a constant value for the 
number of air exchanges per hour (N, 0.018 ± 0.005 h
-1
) was used for estimating L. 
Thus, L showed less variation during the experimental period (Fig. 4).  
As mentioned above, the leaf area of the lettuce plants under lighting (LAL) 
varied with the variation in number of operating lamps during the experimental 
periods. During the period from 17:00 to 19:00 when LAL was the smallest, the CO2 
assimilation rate of the lettuce plants per unit area of culture beds with plants (A) was 
relatively low, while during the period from 20:00 to 08:00 when LAL was the highest, 
A was relatively high (Fig. 4). The results indicate that the variation in A due to the 
variation in LAL can be successfully tracked. On the other hand, it is worth noting that 
A had large standard variations and varied at each time zone even when the 
environmental factors, such as LAL and Ci, were not changed (Fig. 4). This indicates 
that the estimates of A in the present study may contain inaccuracies. This problem 
can be improved by increasing the accuracy of the workers’ respiration rate, N and Ci. 
The CO2 supply rate from the workers’ respiration per unit area of culture beds 
with plants (SW) was estimated using a constant value for the respiration rate (R) 
determined based on interviews about their work, which mainly consisted of seeding, 
transplanting and harvesting the lettuce plants in the CSAL. However, this value can 
range between 0.67 mol h
-1
 person
-1
 when seated quietly and 2.9 mol h
-1
 person
-1
 
during heavy work (Japan Air Cleaning Association, 2000). If the work load changed 
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during the working time, the estimated SW may be inaccurate and cause the inaccuracy 
of A. In future work, the estimation of R must be accurate to obtain accurate A. 
The air exchange of the CSAL was driven by the difference in interior and 
exterior air pressure, which can be affected by environmental factors, such as air 
temperature and wind speed (Hand, 1973; Bugbee, 1992; Wheeler, 1992). Thus, N 
can change with time due to the variation in these environmental factors (Acock and 
Acock, 1989; Baker et al., 2004). Also, only three plants of each cultivar were 
sampled for analysis of plant dry weight and estimation of N in this study. The small 
number of samples may have caused an inaccuracy of N. As a result, L, which is 
estimated using a constant value for N, may have been inaccurate, contributing to the 
inaccuracy of A. 
In this study, the percent error in A (eA) increased with the increase in the percent 
error in N (eN) but with the decrease in the ratio of (SC + SR – I) to L (Fig. 5). Here, the 
ratio was about six during the period from 20:00 to 08:00. Change in eN can range 
from −22% to 28%, since N ranged from 0.14 to 0.23 h-1. Then, eA caused by eN of 
−22% and 28% during this period can be −4% and 8%, respectively. However, in 
other periods, the ratio of (SC + SR – I) to L can be lower than three. eA caused by eN 
of −22% and 28% at the ratio of three can be −8% and 20%, respectively. Thus, the 
estimation of N must be accurate to obtain accurate A, especially when the ratio of (SC 
+ SR – I) to L is low. We previously showed that N of a small CSAL can be 
successfully estimated using water vapor as a tracer gas (Li et al., 2011). The water 
vapor can be generated from the transpiration of plants and is economical, at no cost. 
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In future studies, this method can be applied in the full-scale CSAL for continuous 
estimation of N.  
The volume of the CSAL in this study was 1,379 m
3
. Air movement inside the 
CSAL was generated by the air mixing fans of three heat pumps. The air circulation 
might not be large enough to mix the CO2 sufficiently, contributing to inaccuracy of 
Ci (Demrati et al., 2001). As a result, the accuracy of I and L can be impacted by the 
inaccuracy of Ci, and so the accuracy of A is impacted indirectly. 
 
3.4 Conclusion 
 
In conclusion, the hourly CO2 assimilation rate of lettuce plants in a CSAL for 
commercial production was estimated. The variation in plant CO2 assimilation rate 
was also tracked successfully. However, the workers’ respiration rate and the number 
of air exchanges per hour can change with time. Both parameters require more 
accurate estimation to improve the accuracy of the estimated plant CO2 assimilation 
rate. 
30 
Table 3-1. Photoperiod of the lettuce plants in the closed system with artificial 
lighting for commercial production. 
Days after planting Photoperiod (h d
-1
) Time of day 
0–24 17 16:00–09:00y 
25–29 17 
13:00–16:00y 
16:00–17:00y 
or 
19:00–20:00* 
20:00–09:00y 
30–34 17 20:00–13:00y 
*
Artificial lighting was applied to half the total number of lettuce plants in the first 
period and the other half in the second period to give the same cumulative 
photoperiod. 
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Fig. 3-1. Time course of the CO2 concentration in the closed system with artificial 
lighting for commercial production. Mean ± SD. 
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Fig. 3-2. Time courses of the number of operating lamps (closed circles and dotted 
line) and the leaf area of lettuce plants under lighting (LAL, open diamonds and solid 
line) in the closed system with artificial lighting for commercial production. 
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Fig. 3-3. Time courses of the hourly CO2 supply rates from the cylinders per unit area 
of culture beds with plants (SC, open squares and dotted line) and from the workers’ 
respiration per unit area of culture beds with plants (SW, open triangles and dotted 
line). Mean ± SD. 
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Fig. 3-4. Time courses of the hourly CO2 assimilation rate of lettuce plants per unit 
area of culture beds with plants (A, closed diamonds and solid line), hourly CO2 
increase rate in the air per unit area of culture beds with plants (I, closed circles and 
broken line) and hourly CO2 loss rate per unit area of culture beds with plants (L, 
closed triangles and broken line). Mean ± SD. 
  
35 
 
 
Fig. 3-5. Percent error in the hourly CO2 assimilation rate per unit area of culture beds 
with plants (eA) as affected by the percent error in the number of air exchanges per 
hour (eN) at (SC + SR – I) / L of three (solid line), six (broken line) and nine (dotted 
line). (SC and SR, the hourly CO2 supply rate from the cylinders and the workers’ 
respiration per unit area of culture beds with plants; L, the hourly CO2 loss rate per 
unit area of culture beds with plants; I, the hourly CO2 increase rate in air per unit area 
of culture beds with plants). 
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Chapter 4  
Estimating the Air Exchange Rate Using Water Vapor as a Tracer 
Gas in a Semi-closed Growth Chamber 
 
4.1 Introduction 
 
CO2 assimilation is the main process affecting plant growth. The plant dry mass 
increases with increase in the CO2 assimilation rate of whole-plant (AP) (Yokoi et al., 
2005). Wheeler et al (2008) proposed that the effects of environmental conditions on 
plant growth can be investigated by estimating AP in a CSAL. On the other hand, CO2 
concentration in a CSAL is usually elevated over three times higher than atmospheric 
level to enhance AP. However, part of the CO2 supplied to a CSAL is lost due to the 
air exchange. Thus, in view of the CO2 cost, the estimation of AP can also be used for 
estimating the CO2 use efficiency (CUE), which is defined as the ratio of the canopy 
CO2 assimilation rate in a CSAL to the CO2 supply rate (Kozai et al., 2002). 
A closed system with artificial lighting can be considered as a semi-closed system 
according to the definition of Mitchell (1992). AP in an air-tight semi-closed system 
can be estimated based on the methods presented by Wheeler (1992). However, it is 
difficult to make the system air-tight (Bugbee, 1992). Kozai et al (2002) proposed that 
a minimum air exchange rate should be maintained to prevent the accumulation of 
ethylene in a CSAL, which can cause damage to the plants. In this case, the air 
exchange rate should be determined for estimating AP (Bubgee, 1992; Nederhoff and 
Verger, 1994).  
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When forced ventilation is employed, air flows out of the system at a fixed rate 
and the air exchange rate can be measured using a flow meter (Mitchell, 1992; Mun et 
al., 2011). However, in this case, the air exchange was driven by the internal/external 
pressure gradient, which can be affected by the outside wind speed and the difference 
in temperature between inside and outside the systems (Acock & Acock, 1989; 
Wheeler et al., 1992; Boulard et al., 1999). The air exchange rates can be varied with 
time. In this case, the air exchange rate can be monitored by supplying the tracer gas 
continuously (Baptista et al., 1999); this method is called the continuous flow method. 
CO2 and N2O are two commonly used tracer gases (Nederhoff et al., 1985; Fernández 
& Bailey, 1992; Papadakis et al., 1996; Baptista et al., 1999; Körner et al., 2007). 
However, CO2 cannot be used as a tracer gas in the presence of plants, since the CO2 
concentration in air can be affected by the plant photosynthesis and respiration (Roy 
et al., 2002; Baker et al., 2004).  
Water vapor is another important tracer gas (Boulard & Draoui, 1995; Dayan et al., 
2004; Harmanto et al., 2006; Teitel et al., 2008). Most water assimilated by plants is 
transpired and converted into water vapor, and thus N in the presence of plants can be 
estimated using water vapor as a tracer gas, which is cheaper than CO2 and N2O. We 
propose that AP in a CSAL can be estimated over a long period of time based on the 
air exchange rate estimated using water vapor as a tracer gas. The water vapor 
generated in a CSAL is not only lost, but also condenses at the cooling panel of the 
heat pump (Ohyama et al., 2000). To our knowledge, there have been no reports on 
the estimation of air exchange rate using water vapor as a tracer gas considering both 
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water vapor loss and condensation. 
In this study, a growth chamber was used as an experimental CSAL. Air exchange 
rate is defined as the number of air exchanges per hour (N), which is the ratio of the 
hourly exchanged air volume to the air volume of the CSAL. N estimated using CO2 
as a tracer gas (NC) in the absence of plants is assumed to be correct, since the CO2 
balance in the CSAL is independent of water condensation. Thus, NC was used to 
estimate the accuracy of N estimated using water vapor as a tracer gas (NW). Then, AP 
was estimated using NW. CUE was estimated as well. The accuracy of the estimated 
AP was examined by comparing the measured dry mass accumulation of the plants 
with that estimated using AP and the dark respiration rate (Rd), considering that the 
plant dry mass accumulation is mainly affected by AP (Yokoi et al., 2005). Finally, the 
proposed method was used to examine the effects of the CO2 concentration inside the 
growth chamber on AP and CUE. 
 
4.2 Theory 
 
4.2.1 Estimation of NW and NC 
   NW and NC were estimated based on the water vapor and CO2 balance in the 
growth chamber. The water vapor produced by evaporation of water in the tray and by 
transpiration of plants is not only lost due to the air exchange, but also condenses at 
the cooling panel of the heat pump and is collected in a container. The water vapor 
balance in the growth chamber is given by: 
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( ) ( )in W out in E C
dχ
V N V χ χ R R
dt
            (4-1) 
where V is the air volume of the growth chamber (0.125 m
3
); χin and χout are the 
absolute humidity of air inside and outside the growth chamber, respectively (g m
-3
), 
and are calculated by the method of Campbell & Norman (1998); RE is the supply rate 
of water vapor in the growth chamber (g h
-1
); RC is the generation rate of condensed 
water (g h
-1
); and t is time (h). In the absence of plants, RE is the rate of water 
evaporation from water in the tray, while in the presence of plants it is assumed to be 
equal to the water assimilation rate of the plant canopy in the growth chamber, 
considering that the water preserved in plants is less than 5% of that transpired 
(Ohyama et al., 2000).  
When there is no change in χin over time, Eq. (1) can be rewritten as: 
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W
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          (4-2) 
The CO2 balance in the growth chamber is given by: 
( )in C out in P
dC
k V N k V C C S n A
dt
              (4-3) 
where k is the coefficient for converting CO2 volume into moles (µmol m
-3
) and is 
calculated according to the method of Campbell & Norman (1998); Cout is the CO2 
concentration outside the growth chamber (µmol mol
-1
); S is the CO2 supply rate 
(µmol h
-1
); AP is the CO2 assimilation rate of whole-plant (µmol h
-1
 plant
-1
); and n is 
the number of plants in the growth chamber. 
When there is no change in Cin over time in the absence of plants, Eq. (4-3) can be 
rewritten as: 
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4.2.2 Estimation of AW, Rd, dry mass accumulation and CUE 
   In the presence of plants, NW is used to replace NC in Eq. (3) to estimate AP under 
steady conditions: 
( )W out in
P
N k V C C S
A
n
    
         (4-5) 
In the dark period, the water loss rate was small and changed with time. Thus, a 
predetermined N during dark periods, (Nd), was used to estimate the dark respiration 
rate of whole-plant (Rd, µmol h
-1
 plant
-1
). Nd was estimated by the continuous flow 
method using CO2 as a tracer gas at Tin of 15 °C in the absence of plants. Rd under 
steady conditions is calculated as: 
( )d out in
d
N k V C C
R
n
   
           (4-6) 
Dry mass accumulation of the plant in ‘u’ days (WE,u, mg plant
-1
) is estimated as: 
, , ,
0
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
            (4-7) 
where m is the coefficient for converting CO2 moles into weight (0.044 mg µmol
-1
); j 
is the coefficient for converting the CO2 assimilated by plants into dry mass (0.68 mg 
mg
-1
; Van Henten, 1994); Lp and Ld are the lengths of photoperiod and dark period, 
respectively (h d
-1
); and AP,i and Rd,i are the average net photosynthetic and dark 
respiration rates of whole-plant on day ‘i’, respectively.  
CUE is estimated as: 
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4.2.3 Percent error of AP caused by percent error in NW 
   Percent errors in the estimated AP (eA, %) and NW (eN, %) are calculated as 
follows: 
100%P PA
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where AP' and N' are the actual net photosynthetic rate of whole-plant (µmol h
-1
 
plant
-1
) and the actual number of air exchanges per hour (h
-1
), respectively. 
AP' and AP are calculated as follows: 
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where LC' and LC are the actual and estimated CO2 loss rates (µmol h
-1
).  
LC' and LC are calculated as follows:  
( )C W in outL N k V C C              (4-13) 
( )C in outL ' N' k V C C              (4-14) 
Substituting Eqs. (10) and (13) into Eq. (14), LC' can be calculated as:  
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CUE can also be rewritten as: 
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Substituting Eqs. (4-11), (4-12), (4-15) and (4-16) into Eq. (4-9), eA can be 
rewritten as:  
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4.3 Materials and methods 
 
4.3.1 Growth chamber  
   A growth chamber (MIR-154, Sanyo Co., Ltd., Tokyo, Japan) with an interior 
volume of 0.125 m
3
 (0.38 m in depth, 0.6 m in length and 0.55 m in height) was used. 
The growth chamber had a hole (0.04 m in diameter) in the sidewall, through which 
wires were routed. The center of the hole was 0.28 m above the inner floor of the 
growth chamber. A mixing fan was installed in the growth chamber to circulate the air. 
No forced or active ventilation was applied to the growth chamber. Six fluorescent 
lamps were installed at 0.5 m above the inner floor. The air temperature and relative 
humidity inside the growth chamber were controlled by a heat pump. Pure CO2 was 
supplied into the growth chamber through a pipe. 
 
4.3.2 Plant materials 
   Tomato (Solanum lycopersicum L. cv. Momotaro-Natsumi) seeds (Takii seed Co. 
Ltd., Japan) were sown in a precut germination sponge sheet containing 288 sponge 
cubes (cube: 0.01 m in depth, length and height, respectively). After germination in 
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darkness for three days, the plants were grown in the growth chamber and irrigated 
daily with tap water. Seven days later, 45 uniform plants with two expanded true 
leaves were selected to continue growing in the growth chamber. Each sponge cube 
with its seedling was placed on a perforated Styrofoam board, which was floated in a 
tray (0.18 m in width, 0.36 m in length and 0.08 m in height) filled with 1.5 L of 
prepared Enshi formula nutrient solution (1/4 strength, NO3-N 8, PO4-P 2, K 4, Ca 4, 
Mg 2, SO4 2 me·L
-1
, electrical conductivity 0.6 dS·m
-1
). No CO2 was supplied for 
growing the plants before the experiments. The environmental conditions of the plants 
are listed in Table 1.  
 
4.3.3 Experiment 4-1: estimation of NW and NC in the absence of plants 
   CO2 and water vapor were used as tracer gases to estimate NC and NW by the 
continuous flow method, in the absence of plants. In order to generate water vapor, a 
tray filled with 1.5 L of water was placed inside the growth chamber and the 
fluorescent lamps were turned on to provide 274 ± 16 µmol m
-2
 s
-1
 of photosynthetic 
photon flux (PPF) at the surface of the tray. CO2 was continuously injected into the 
growth chamber at a constant rate of 3,700 µmol h
-1
 during the experiment period. 
When the environmental conditions reached a steady state, the 2-h averages of NW and 
NC were estimated four times successively at the air temperature set points of 20, 25 
and 30 ºC inside the growth chamber.  
 
4.3.4 Experiment 4-2: estimation of AP and CUE in the presence of plants 
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   Thirty-eight plants of uniform size 15 days after sowing (DAS) were grown in the 
growth chamber for seven days. The CO2 supply rate was 6,700 and 0 µmol h
-1
 during 
photoperiods and dark periods, respectively. Other environmental conditions were 
kept the same as those for growing the plants 11 – 25 DAS (Table 1). The water vapor 
transpired by the plants was used as a tracer gas for estimating NW. AP and CUE were 
estimated using NW.  
 
4.3.5 Experiment 4-3: responses of transplant AP and CUE to the CO2 concentration 
inside the growth chamber (Cin) 
   Forty-two tomato plants of uniform size 20 DAS were used and exposed to Cin, 
which was increased every two and a half hours in the sequence of 700, 850, 1,000, 
1,160 and 1,290 µmol mol
-1
. The air temperature and PPF were the same as those for 
growing the plants 11 – 25 DAS (Table 1). The water vapor transpired by the plants 
was used as a tracer gas for estimating NW.  
 
4.3.6 Measurement and statistical analysis 
   Air temperature (T) and relative humidity (h) inside and outside the growth 
chamber were measured using thermal sensors (SHT71, Sensirion AG, Switzerland; 
precision: T ± 0.4 ºC, h ± 3%). CO2 concentration inside and outside the growth 
chamber were measured using an infrared gas analyzer (GMP 222, Vaisala Oyj, 
Helsinki, Finland; precision: ± 15 µmol mol
-1
). The CO2 injection rate was measured 
using a flow meter (TC-1000-200, Tokyo Keiso Corp., Japan). The sensors inside the 
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growth chamber were located at the center of the interior space, at the same height as 
the sensors located outside. The weights of the tray and the container were measured 
using electronic balances (PL3002 and PL303, precision: ±0.01 g, and ±0.001 g, 
respectively; Mettler Toledo, Switzerland).  
In experiment 2, three or four transplants were sampled randomly each day. 
Firstly, the leaves of the sampled plants were scanned for analysis of leaf area using 
LIA 32. Then, the whole plants were dried at 60 ºC for one week to determine the dry 
mass.  
The weights of the evaporated and condensed water measured every two hours 
were used to estimate RE and RC, since the weights of the evaporated and condensed 
water during one hour were small. All data were recorded every minute by computer 
during the experiment periods and the 2-h averages were used for estimating NW, NC, 
AP and Rd.  
The data collected during the first four hour after the dark–light transition and the 
first two hours after the light–dark transition were discarded to ensure that the 
environmental conditions were steady in experiment 2. The data collected in the first 
half-hour after the transition of CO2 concentration were also discarded in experiment 
3 for the same reason.  
 
4.4 Results and discussion 
 
4.4.1 NW and NC estimated in the absence of plants 
In the absence of plants, NW estimated at Tin of 20.77 ± 0.04, 24.90 ± 0.07 and 
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29.73 ± 0.13 °C were plotted against NC (Fig. 4-1). The linear regression equation 
between NW and NC was NW = NC (R
2
 = 0.82). The result indicates that N can be 
estimated using water vapor as a tracer gas. The number of air exchanges per hour (N) 
depends on the pressure gradient between inside and outside the growth chamber 
(Acock and Acock, 1989). Wind and the chimney effect were the main driving forces 
of the natural air exchange (Boulard et al., 1999). N of the greenhouse at low wind 
speed was mainly affected by the chimney effect (Baptista et al., 1999; Harmanto et 
al., 2006). In the current study, the wind speed outside the growth chamber was less 
than 0.1 m s
-1
. Thus, the variations in NW and NC were mainly caused by (Tin − Tout). 
In addition, N might also have been affected by the operation of the fan inside the 
growth chamber (Tingey et al., 2000). In a practical CSAL which is exposed to the 
natural environment, N may be affected by the wind speed as well; this aspect could 
be studied by using the proposed method in future.  
The uneven distribution of the tracer gas is a major factor affecting the accuracy 
of N estimated using tracer gas methods in a large-scale greenhouse (Demrati et al., 
2001). Water vapor and CO2 in the growth chamber can be assumed to be sufficiently 
mixed because the volume of the growth chamber is 0.125 m
3
, which is less than that 
of a greenhouse. However, in this study, the fluorescent lamps released heat and 
elevated the surrounding temperature. As a result, the absolute humidity of air in the 
growth chamber, which is a function of air temperature and relative humidity, was not 
uniform and resulted in errors in NW. In contrast, the estimation of NC was not affected 
by Tin, and so NC is assumed to have high accuracy.  
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Note that both RE and RC should be measured for estimating NW of the CSAL. As 
mentioned above, RE can be assumed to be equal to the water assimilation rate of the 
plants, since that the water preserved in plants can be neglected. Therefore, a flow 
meter can be used instead of the electronic balance to estimate RE, considering that 
hydroponic systems are usually used in practical CSALs for plant growth. On the 
other hand, the water vapor loss due to the air exchange is just 0.2 − 10% of that 
supplied to a practical CSAL (Ohyama et al., 2000; Yokoi et al., 2005). Both RE and 
RC should be precisely measured to estimate NW in a practical CSAL.  
 
4.4.2 Estimated AP and CUE 
In experiment 4-2, NW varied in the range of 2.12 − 2.73 h
-1
 (Fig. 4-2), which 
might be ascribed to the variation of (Tin − Tout) during the experiment periods (Fig. 
4-2). Cin varied in the range of 674 − 956 µmol mol
-1
 (Fig. 4-3). The leaf area of 
plants increased from 0.0022 ± 0.0001 to 0.0078 ± 0.0010 m
2
 plant
-1
 (Fig. 4-3). The 
number of plants in the growth chamber each day was 38, 35, 32, 28, 24, 19 and 15, 
respectively. Thus, the total leaf area of the plants in the growth chamber also varied 
in the range of 0.085 – 0.141 m
2
. AP estimated using NW increased with time but CUE 
varied with time (Fig. 4-4). Considering that Cin in the last four days of the 
experiment was not higher than that in the first three days, the increase in AP was 
mainly ascribed to the increase in leaf area, as shown in Fig. 4-5. However, this 
increment decreased gradually. At high leaf area, the lower leaves of the plant may 
become shaded by the upper leaves, resulting in low photosynthetic rare per leaf area 
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due to low light intensity. According to Eq. (4-8), CUE increased with the increases in 
n and AP, since S was constant. However, n decreased day by day due to the sampling 
in this experiment. Thus, CUE varied with time during the experiment period.  
In experiment 2, WE agreed well with WM with R
2
 of 0.96 (Fig. 4-6). WE was 
calculated based on both AP and Rd. However, during the experiment period, the total 
CO2 assimilated by plants through net photosynthesis in each day was 6.5 ± 1.6 times 
that lost through dark respiration. Thus, WE was mainly affected by AP, and so 
inaccuracy of AP would cause a discrepancy between WE and WM. The good 
agreement between WE and WM indicates that AP estimated based on NW has high 
accuracy. If N of a practical CSAL during the dark period is difficult to measure with 
the proposed method, the occasional decay of other tracer gases, such as N2O, can be 
used to achieve accurate N and Rd.  
In experiment 4-3, AP increased, but CUE decreased, with the increase in Cin (Fig. 
4-7). The photosynthesis capacity was not saturated at the atmospheric CO2 
concentration. Elevated ambient CO2 concentration stimulates the photosynthetic rate 
of most C3 plants (Long et al., 2004), and so Cin in a CSAL is usually elevated to 
1000 − 1500 µmol mol-1 to enhance plant photosynthesis. Elevated Cin may also cause 
an increase in LC by increasing (Cin − Cout) (Tingey et al., 2000). As a result, S may 
increase due to the increased Pn and LC at elevated Cin, thus affecting CUE. In this 
experiment, CUE was affected by S and Pn, since n was constant. According to Eq. 
(4-8), CUE decreases if the increment of S due to elevated Cin is larger than that of AP. 
In this experiment, when Cin was increased from 700 to 1,290 µmol mol
-1
, AP and S 
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increased by 33% and 132%, respectively. Thus, CUE decreased as Cin increased, and 
so Cin should be optimized to achieve high CUE and AP.  
As mentioned above, NW may have errors and eventually cause errors in AP. eA 
affected by eN at the estimated CUE of 50, 70 and 90% is shown in Fig. 4-8. When the 
estimated CUE was 50%, eA decreased from 12.5% to −8.3% by increasing eN from 
−10% to 10%. The increase in estimated CUE decreases the impact of eN on eA. 
Therefore, NW should be estimated accurately for estimating AP, especially at low 
CUE. This study just showed the theoretical validity of the proposed method for 
estimating AP, but unidentified effects in chambers may cause eA as well. Thus, it is 
necessary to examine the accuracy of the estimated AP when applying the proposed 
method to a new chamber. Considering that the dry mass of plants is solely from the 
CO2 assimilated through plant photosynthesis, the accuracy of the estimated AP can be 
examined by comparing the estimated dry mass with the measured dry mass (Van 
Henten, 1994; Wheeler et al., 1994). It is worth noting that the AP estimated using NW 
may have errors when the plants in the growth chamber are small, since the canopy 
transpiration rate is small and may cause errors in the measured RE and RC. In this 
case, N should be minimized by improving the airtightness of the growth chamber. 
CUE also decreased with increase in N (Yoshinaga et al., 2000). The data from 
experiment 4-3 was used to estimate CUE affected by both N and Cin. AP affected by 
Cin was calculated based on the linear regression equation (AP = 0.094·Cin + 80.25, R
2
 
= 0.97). The canopy net photosynthetic rate was calculated as the product of Pn and n. 
LC was calculated according to Eq. (4-13), assuming that Cout was 400 µmol mol
-1
. S 
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was calculated as the sum of canopy net photosynthetic rate and LC. The results are 
shown in Fig. 4-9. CUE decreases with the increase in N and Cin. When Cin equals 
Cout, CUE is maintained at 100%. However, as mentioned above, Cin is usually 
elevated over 1,000 µmol mol
-1
 in a CSAL to enhance the photosynthesis of plants, 
considering that promoting the photosynthesis by increasing Cin is very important. 
Thus, it is difficult to achieve high CUE by maintaining Cin equal to Cout. On the other 
hand, a minimum N is necessary to prevent the accumulation of ethylene, which can 
cause physiological damage to plants in a CSAL (Kozai et al., 2002). To achieve a 
high CUE, N should be minimized to decrease LC, especially at elevated Cin. 
 
4.4.3 Application of the proposed method 
Net photosynthetic rate of whole-plant is more closely correlated with plant dry 
mass production (van Iersel & Bugbee et al., 2000). With the proposed method, AP 
can be estimated continuously for investigating the effects of environmental 
conditions on plant growth and the use efficiency of electricity and resources such as 
CUE. Then, the environmental conditions can be optimized to achieve high AP and 
high efficiency of using electricity and resources. Replacing n·AP into Eq. (3), the net 
photosynthetic rate of the canopy with plants of different size can also be estimated by 
the proposed method for the same purpose as mentioned above. On the other hand, the 
fresh weight of leafy plants, grown in a commercial CSAL, is more important than the 
production of dry mass. If the water content of the plants is known, the fresh weight 
can also be estimated from the estimated AP.  
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4.5 Conclusion 
 
In conclusion, the number of air exchanges per hour in the growth chamber (N) 
can be estimated using water vapor as a tracer gas. The variations in N were caused by 
differences in air temperature between inside and outside the growth chamber. The net 
photosynthetic rate of whole-plant (AP) estimated using N (estimated using water 
vapor as a tracer gas (NW)) has high accuracy in the presence of plants. Thus, the 
estimated AP can be used for calculating the CO2 use efficiency (CUE). CUE 
decreased with increase in Cin and N. The results indicated that the proposed method 
can be applied to practical CSALs for estimating AP and CUE. The method can also 
be used to continuously estimate AP to monitor plant growth and CUE.   
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Table 4-1. Growth conditions of plant material 
Plant 3-10 DAS** 11-25DAS 
Photosynthetic photo flux* 280 ± 21 µmol m
-2
 s
-1
 280 ± 21 µmol m
-2
 s
-1
 
Photo-/dark periods 16 h /8 h 16 h /8 h 
Air temperature during 
photo-/dark periods 
25°C / 15°C 30°C / 15°C 
Density 1,000 plants m
-2
 625 plants m
-2
 
* Photosynthetic photo flux measured at the surface of the Styrofoam board 
** DAS: days after sowing 
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Fig. 4-1. Relationship between the number of air exchanges per hour estimated using 
water vapor as a tracer gas (NW) and the number of air exchanges per hour estimated 
using CO2 as a tracer gas (NC) at the air temperature inside the growth chamber of 
20.77 ± 0.04 (closed diamonds), 24.90 ± 0.07 (closed triangles), and 29.73 ± 0.13 °C 
(closed squares) in experiment 1. The equation for linear regression is: NW = NC (R
2
 = 
0.82). Data represent the mean ± SD of four estimations. 
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Fig. 4-2. Number of air exchanges per hour estimated using water vapor as a tracer 
gas (NW) and the difference in temperature between inside and outside the growth 
chamber (Tin − Tout) plotted against time in experiment 2. Data represent the mean ± 
SD of six estimations. 
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Fig. 4-3. CO2 concentration inside (Cin, filled triangles, solid line) and outside the 
growth chamber (Cout, open triangles, dotted line) and the leaf area of the plants in the 
growth chamber (filled circles, broken line) plotted against time in experiment 2. Data 
represent the mean ± SD of six measurements. 
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Fig. 4-4. CO2 assimilation rate of whole-plant (AP, filled squares, solid line) and CO2 
use efficiency (CUE, open circles, broken line) plotted against time in experiment 2. 
Data represent the mean ± SD of six estimations. 
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Fig. 4-5. CO2 assimilation rate of whole-plant (AP) plotted against the leaf area in 
experiment 2. Data of AP and leaf area represent the mean ± SD of six estimations and 
three measurements, respectively. 
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Fig. 4-6. Measured dry mass accumulation of the transplant (WM) plotted against the 
estimated dry mass accumulation of the transplant (WE) in experiment 4-2 (the dotted 
line is the 1:1 line). The equation for linear regression is: WM = 1.04·WE (R
2
 = 0.96). 
Data represent the mean ± SD of three measurements. 
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Fig. 4-7. Responses of the CO2 assimilation rate of whole-plant (AP, filled squares) 
and the CO2 use efficiency (CUE, open circles) to the CO2 concentration inside the 
growth chamber (Cin) in experiment 3. The equations for linear regression are: AP = 
0.094·Cin + 80.25 (R
2
 = 0.97); CUE = (−0.0005·Cin + 1.05)·100% (R
2
 = 0.94).  
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Fig. 4-8. Percent error in CO2 assimilation rate of whole-plant (eA) as affected by the 
percent error in number of air exchanges per hour estimated using water vapor as a 
tracer gas (eN) at various values of estimated CO2 use efficiency (CUE): 50% (solid 
line), 70% (broken line), and 90% (dotted line).  
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Fig. 4-9. Estimated CO2 use efficiency (CUE) of the supplied CO2 as affected by the 
number of air exchanges per hour (N) at different CO2 concentrations inside the 
growth chamber: 400 (solid line), 800 (broken line), and 1200 (dotted line) µmol 
mol
-1
. 
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Chapter 5  
Summary and Remarks 
 
5.1 Summary 
 
The estimation of plant CO2 assimilation rate of the plants in the closed system 
with artificial lighting (CSAL) was conducted in this study according to the CO2 
balance. Based on the analysis of the CO2 balance in a commercial CSAL, in which 
lettuce plants [Lactuca sativa L. ‘Early Impulse’, ‘King Crown’, and ‘Cos Lettuce’] 
were produced every day and CO2 was added to the air by gas cylinders and workers’ 
respiration, the amount of CO2 loss due to leakage respectively accounted for 22% of 
the total amount of CO2 supplied. Besides, the amount of CO2 supplied by the 
workers’ respiration accounted for 17% of the total amount of CO2 supplied. Thus, not 
only the CO2 loss, but also the CO2 supply by the workers’ respiration should be 
considered for estimating the plant CO2 assimilation rate.  
Considering that both CO2 loss and CO2 supply by the workers’ respiration 
cannot be easily estimated by the present technologies, constant values for workers’ 
respiration rate and number of air exchanges per hour were used to simplify the 
estimation of the hourly CO2 assimilation rate of plants. In a closed system with 
artificial lighting (CSAL) for commercial production of lettuce plants, the leaf area of 
lettuce plants under lighting (LAL) varied with the variation in number of operating 
lamps in the CSAL. The variation in hourly CO2 assimilation rate of plants due to 
variation in LAL was successfully tracked. However, the estimates of hourly CO2 
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assimilation rate of plants contain inaccuracies. The estimation of workers’ respiration 
rate and number of air exchanges per hour must be accurate to improve the accuracy 
of A. 
To achieve accurate plant CO2 assimilation rate, the number of air exchanges per 
hour (N) should be estimated continuously. In previous studies, the air exchange rate 
is usually estimated using CO2 as a tracer gas, but this method cannot be applied in 
the presence of plants. We propose a method for estimating the plant CO2 assimilation 
rate in a CSAL based on the air exchange rate estimated using water vapor instead of 
CO2 as a tracer gas. In this study, a growth chamber was used as an experimental 
CSAL. Firstly, N was estimated using water vapor (NW) and CO2 (NC) as tracer gases 
in the absence of plants. Then, AP and CUE of the tomato plants were estimated using 
the proposed method. The results showed that NW agreed well with NC, and the plant 
CO2 assimilation rate was accurately estimated by the proposed method. 
 
5.2 Remarks 
 
Based on the results in this study, the CO2 assimilation rate of the plants in the 
CSAL can be estimated continuously using the proposed method in future, especially 
in a commercial CSAL. Then, the relationship between CO2 assimilation rate, use 
efficiencies of resources and energies can be investigated. Finally, it is expected that 
the operation cost can be decreased by optimizing the environmental conditions in the 
CSAL.  
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